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Cosmetic nanomaterialsin wastewater: Titanium dioxide and
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Abstract:

The rapid growth in cosmetic industry across theldvas mainly due to the
application of nano-ingredients in cosmetics toagrde their properties and invention of
new nano-molecules. And also the weaker regulatbonapplication of nanoparticles as
cosmetic ingredients and no safety assessmentsofet@s before release into market
has led to uncontrolled production and usage. Udabte release of considerable
amount of cosmetic nano-particles into wastewatteoduces them into the environment
via treated wastewater effluent and sludge. Thiseve briefly gives the information
about behavior of cosmetic-nanomaterials, mainyantium dioxide (TiQ) and
fullerenes (C60) within the wastewater treatmeranpland current research on their
characterization and toxicity. Considering the entranalytical methods for evaluating
the behavior of these nanomaterials in the wastwtitere is still a need to advance

these technologies. Furthermore, a better undelistgrand modeling of nanomaterials
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fate in wastewater treatment plants is essentiaffectively predicting their impacts on

the receiving environment.

Key words

Cosmetics nanomaterials, titanium dioxide, fullegnfate in wastewater, toxicity,

characterization

Contents
1. Introduction cmmmeeeea= 3
1.1 Cosmetics Nanomaterials (CNMs) TR 4
1.1.1 Nano-titanium dioxide and fullerenes et 4
1.1.2 Legislation for nanomaterials usage in cogrset----- - 5
2. CNMs in wastewater e 10
2.1. Fate of Cosmetic NMs in WWTPs - -11
2.1.1 Pretreatment ------- 13
2.1.2 Primary treatment --------- --- 13
2.1.3 Biological Treatment e 15
Effect on microorganisms --------------------- TR 17
2.1.4 Tertiary treatment ----------------------- ----18
2.1.5 Sludge treatment e 18
3. Characterization of Tifand fullerene NPs in WW -- --22
4. Toxicity of Engineered Ti@and fullerene NPs 19
4.1 Toxicity in aquatic organisms ------------- e 19
4.2 Toxicity in humans ------ 21
5. Conclusion ------------ e 24
References ------- e o




46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Introduction

Over 10 thousand years of experience and use ohetas materials makes
them one of the most prevalent goods in communith the annual revenue of 255
billion dollars. The annual growth of cosmetic eaoty was 3.2% from 2009 to 2014
(statista.com), which increased its global econamground one trillion dollars in the
following year (Sanchez et al. 2011). Nanotechngpldhese days at annual global
growth rate of 18 %, is being employed in varioagular products, for example, in
cosmetic materials. According to their propertiestent, and diversity of cosmetic
nanomaterials, a uniform definition will be necegg@Batley et al. 2012). High level of
consumer protection, free movement of goods andl legrtainty for manufacturers,
international level acceptance as well as scientifesearch on toxicity and
environmental fate will be pivotal. According to ilBpean Commission, “Cosmetic
nanomaterial” (CNM) means an insoluble or biopéasis and intentionally
manufactured material with one or more externalegisions, or an internal structure, on
the scale of 1 to 100 nm in the final formulatigik@), 2013). The main interest of
nanotechnology applications in cosmetics is to owprdispersibility and stability of
ingredients, enhance their antimicrobial, antioridgroperties and transparency
(reducing whiteness) (Wiechers and Musee, 2010).

Diverse titanium dioxide (Tig) and fullerene nanomaterials (NMs) are being
manufactured by many companies to change theirepties for specific cosmetic
applications. Their global production statisticsl adirect release through washing out
without any biodegradation confirms that these CNivis one of the main sources in
wastewater treatment plants (WWTPs). Fiénd fullerene NMs have antimicrobial
properties and the scientific research in thisdfieds increased (Delina Y. Lyon etal.
2006; Roy et al. 2010; Besinis et al. 2014; Jeséihal. 2014). This provides data and
knowledge useful in elucidating the potential ridkmpairing the function of microbial
communities in WWTPs.
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It can be easily deduced that the most importantcgoof recalcitrant, non-
biodegradable compounds in wastewater has beesdutded by cosmetic products. It
may also be the main source of nanomaterials imtlv@cipal wastewater due to higher
consumption of cosmetics per capita in USA and perorhis is the right time to
address the effect of CNMs on WWTPs efficiency Idmacal treatment) and also the
WWTP efficiency on the removal of NPs because ofpomential usage of
nanomaterials. Our general focus in this reviewl vaié on insoluble cosmetic
nanoparticles (CNPs) in WWTPs. This paper maindgua$ses the gaps in regulations on
usage of nanomaterials in cosmetics, their fal@WTPs and finally their toxicity after

being released into the environment.

Cosmeticsnanomaterials (CNMs)

It is important to have a technology which can hetie target areas in a stable
form and sustain the local effect for a long tinmea biological system. By using
nanotechnology, achievement of the target effattsosmetic world can be obtained.
Conventional cosmetics integrating “nanotechnologifave been considerably
developed a placed on the consumer market ovepdhefew years. Cosmetic nano-
ingredients are divided into two groups: i) solubled/or biodegradable nanoparticles
which disintegrate upon application to skin inteithmolecular components (e.g.
liposomes, microemulsions, nanoemulsions), andingpluble particles (e.g. TiQO
fullerenes, quantum dots). Figure 1 shows the rwasoaetics categorization based on
formulation and ingredients.

Nano-titanium dioxide

Titanium dioxide (titania, Tig) is a naturally occurring white pigment which has
very high refractive index, brightness and resistato discoloration under ultraviolet
(UV) light in exposure applications. Hence, it tdisinfectant, self-cleaning qualities
and strong oxidative potential. It finds extensagplications ranging from paints (60%

of the world’s consumption) to plastics (25%) arap@ manufacturing, printing inks,
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fibers, rubber, cosmetic products and foodstuffgnent applications), as well as
catalysts, electric conductors and chemical inteliates (Ceresana, 2013; Johnson et al.
2011). It is also accounted as a most producedmatewial due to its production level
of 90,000 ton Ti/year (Kiser et al. 2009). Arounfl 8 of 2000 tons of nano-TiO
production in 2005 was used in personal care ptsd@eCPs), such as topical
sunscreens, white-colored shampoos, deodorantsstawing creams which was worth
around $ 70 million. In US, this number was estedato increase to 2.5 million tons
every year in the next two decades (Zhu et al. ROREcently, its production was
around ten kilo tons which comprises 10% of all oraaterials (Yang et al. 2013).
Survey on the concentration of nano-titanium inneesc products showed a fluctuation
between 9Qug Ti/mg in sunscreen to <0.Qd Ti/mg in shaving creams. In toothpastes,
for instance, the concentration varied betweent®.3.6 ng/mg (0.1-0.5% of weight),
while for sunscreen, it was 14 to 8§/mg (Weir et al. 2012).

The FDA has approved the safety of nanosized, T@®2—-100 nm) for use as a
colorant and UV blocker and color enhancer (Singdd Banda, 2014). However, in
some pharmaceutical compounds, like safety coathgoills which are directly
swallowed by humans, Ti#Oconcentration can reach 0.014/mg. Therefore, the
controversy exists as to the safety of Fi@noparticles used in the cosmetics and food
industry (Weir et al. 2012). The fundamental prablén the safety of cosmetics
nanoparticles (CNPs) usage is a lack of informafidrere have not been enough studies
conducted to assess how they interact with othematels in the formulation, with

biological systems and also in the environmentedhey are released.

Fullerene

The fullerene molecule (buckyballsgdE structure is formed by five-membered
and six-membered carbon rings in the form of closptlere or tube (Fowler and
Ceulemans, 1995) which makes it consequently hydrojc and decreases its solubility
(108 mol/L or 1.3x 10" g/L) (Batley et al. 2012). High density electram the surface
of fullerene is related to it extreme small size7(®n diameter). As a result, fullerene
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possesses strong anti-oxidant properties simil&fiteomins C and E; in addition to long-
acting antioxidant action (Markovic and Trajkov&€)08; Water, 2011; Yin et al. 2009).
Furthermore, its unique porous structure, in aasioa with high rate of derivatization
makes it the best carrier of different moleculesl &acilitate its delivery inside the
human body (Benn et al. 2011; Farré et al. 201#ffef@nt kinds of fullerene used in
cosmetics range from C60, C70, higher-order fuflesg fullerene-based molecules (i.e.,
C600, C60Q, etc.), and fullerene derivatives (i.e., C60-PWRjch are soluble in water
(Bakry et al. 2007). Modified fullerene promotesmirsion in water with consequent
integration of water and cosmetic products (Benralet2011; Nowack and Bucheli,
2007). Therefore, in the recent years, it is wideted as a cosmetic ingredient and in
skin care products due to its anti-oxidant actiamgreases protein denaturation
temperature, normalization of cellular metabolismti-inflammatory and antihistamine
effect (Lens, 2009). In some cosmetic productsctiveentration of fullerene can reach
1.1 mg-C60/g-cosmetic (Benn et al. 2011). Tablevegthe information about current

cosmetic nanomaterial fullerene products in maaket its concentration

L egidation for nanomaterials usage in cosmetics

Recent regulations that have been introduced tanithgstries cannot catch up
their safety and environmental assessment. Becafigheir unique properties and
unpredictable change in the behavior dependindherstirrounding environment; it has
been not possible to extrapolate existing safety da conventional chemicals to predict
the safety of nanomaterials. The OECD (OrganizatownEconomic Co-operation and
Development) guidelines for testing of chemicals (BC) No 440/2008, which
underline the test methods for the European ComiyuRegulation on chemicals
(REACH), was not specifically designed for testimgno-scale materials. Nonethless,
in2007, safety analysis programs of Manufacturezhdinaterials were established
(Gartiser et al. 2014). Recently, Federal Drugs @odmetics Act (FD&C) and the Fair
Packaging and Labeling Act (FPLA) set some regufatin their use, such as addition
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of color additives. Although FDA has advised mawtifeers to ensure the safety of their
products and ingredients, still it is not necesdarycompanies to share their safety
information with FDA, and performing specific tests demonstrate the safety of
individual products or ingredients. FDA, and U.Sus@ms and Border Protection can
also inspect manufacturing facilities, encouragoagmetic firms to report product
formulations (not legally required). They are tiyito increase consumer awareness
about the importance of cosmetic-related problefnsally, in June 2011, FDA has
issued a draft “Guidance for Industry - Safety @ndmaterials in Cosmetic Products”
in which they have proposed certain points that itfgustry should consider when
including nanotechnology in FDA-regulated products.

The 4" annual meeting of International Cooperation onretics Regulations
(ICCR) on cosmetics held in Canada in July 2010 tedhe formation of a Joint
Industry/Regulator Working Group (WG) for nanomatksafety to review the existing
safety approaches in use of nanomaterials in cassn@CCR, 2011). Except for their
identification, the Acts and Regulations administeby Health Canada have no special
information reference to nanomaterials. Similarlypder the Japanese Cosmetics
Regulation, except for the categorization of negaand positive effects of cosmetic
ingredients, there is no specific regulation fdesaevaluation of nanomaterials.

At present, the EU’s Cosmetics Regulation (Regafa{EC) No 1223/2009) is
the only one specifically covering the use of naatamals in cosmetics. The Regulation
requires cosmetic products containing nanomatettalse notified to the Commission
six months prior to being placed on the market, @agoscale ingredients to be labelled
(name of nano ingredient, followed by ‘nano’ in ¢kats).

To the best of our knowledge, these regulationy @ohsider the safety and
toxicity (local and systematic) of NMs in human rigs from the biological point of
view. They do not take into account the fate andcteffects of these cosmetic NMs on
the ecosystems after being released into the emmeat. As these NMs are directly

released into the environment and do not undergdbadegradation, they would keep
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cycling in the environment and are subject to lut oxidation or long term retention
in the sediments or soils. Therefore, many effaresrequired on their ecotoxicological
evaluation. The current legislations have the géi rules only on the safety dosage of
nanomaterials in the cosmetics. Limits on concéomma of NMs present in the
wastewater effluent and sludge for safe release tiit environment are not included.
This gap is mainly due to the lack of sufficienblkrledge concerning toxicity of NMs in
the environment. Hence, the development of newaaityhand regulatory structure
might be the only way to effectively address thefsallenges.

Cosmetic nanomaterialsin wastewater

Lack of information on environmental risk assessmeh nanomaterials has
mostly restricted their fate assessment in the onp@i sewage treatment plants as the
main source of nanomaterial in environment (Garteteal. 2014). CNMs, for example,
TiO, have been used by some researchers as an inditai@dicting the environmental
concentration (Musee, 2010). Wang et al. (2012)lipted 90% of TiQ in municipal
wastewater originating from the cosmetic productaf\y et al. 2012). About 95% of
Nano-TiQ used in cosmetic products was released to wastewas it does not
penetrate the skin (Muller and Nowak, 2008; Johredaad. 2011). As WWTPs have not
been optimized for efficient nanomaterial removhgy translocate to the effluent and
sludge in the environment (Bystrzejewska-Piotrowskal. 2009; Batley et al. 2012),
potentially disrupting numerous biological ecosyste(Wiechers and Musee, 2010).
Kiser et al. (2009) estimated 45-50 (mg/person)fdayhe daily load of titanium in the
wastewater, which raises the total concentratiotitahium including particles larger
than 700 nm in the range of 0.1 to 3 ppm (Kiseale009). The maximum titanium
concentration reported in WWTP influent was 2.8 ImgZonsequently, the predicted
environmental concentration for nano-Ti@ water increased in the range of 0.7-16
ug/L (Muller and Nowak, 2008). Considerable amountutierenes (Kiser et al. 2010b)

also get directly released into the environment utheir use and application (Brar et
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al. 2010; Batley et al. 2012). As regard to accatioh of CNPs in aquatic life, TiO
concentration, for example, increase to Q@ in fish, 980ug/L for an algae and 1000
ug/L no observed effect concentration (NOEC) foeribacteria (Johnson et al. 2011).
Land application of concentrated sewage sludge wahomaterials increases their
further release potential to agricultural field. eféfore, the highest fluctuation of
concentration for these nanoparticles was obseirveil. In the developing countries
and some parts of Europe, the concentration was tlean 0.1 ng/kg; while, in
agricultural soil exposed to biosolids, the concaidan could rise to 2 mg/kg ( Johnston
et al. 2010; Gottschalk et al. 2013). By all theseates, humans could be exposed to
high dosage of CNPs, especially in future. Tabeedents the concentration of CNPs in

different environmental media.

Fate of Cosmetic NMsin WWTPs

Although NMs are being used for around a decadeysfoon environmental
assessment of nanomaterial just dates back to 20@ér Boxall et al. (2007). Due to
their high consistency (Gottschalk et al. 2013),RSNould be appreciably introduced to
wastewater treatment through indoor usage or bypthgnof cosmetic products in
landfill (Nowack and Bucheli, 2007). An examinatiaf 10 WWTPs showed 96%
removal of titanium in influent sewage; still théfl@ents contain around 2hg/L of
TiO, from 4 to 30 nm size (Westerhoff et al. 2009; Bezt al. 2011). In Arizona
WWTP, the removal efficiency for nano-TiOn theinfluent at 185 pg/L, were 59, 84
and 91% for primary, secondary and tertiary stagespectively (Kiser et al. 2010b).
Researchers inferred that the fate of cosmetic INR&WTPs are so complicated and
difficult to control due to: (1) undetermined soerof pollution (Benn et al. 2011;
Sanchez et al. 2011); (2) analysis problem of K@s; and (3) functionalization of NPs
with abundant organic matter present in wastew@ear et al. 2010; Urban et al. 2010).
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Effect of aggregation

Understanding of the aggregation of CNPs is pivotgbredicting their fate in
WWTPs, as well as its toxicity, since it changesRSNhemical and physical properties
with consequent effect on mobility, persistencepabailability and reactivity of
nanoparticles (Thio et al. 2011; Shih et al. 20X8gh surface charge, lower particle
size, and increased ionic strength make nanopsstslisceptible to aggregation (Batley
et al. 2012). It also dramatically changes the ibtalmf CNPs in water (Huang et al.
2008).

Different factors affect the aggregation of CNPsaguatic phase. When TiO
dosage was varied from 5 to 120 ppm, for examplggregate size increased from 826
to 2368 nm (Long et al. 2006). It can also happethé presence of divalent anions (e.g.
sulfate ions), due to the increase in ionic stien@hih et al. 2012). Aggregation of
nano-TiQ is closely related to its zeta potential. Zetaeptitll of nano-TiQ increased at
neutral pH when Fe(lll) concentration rise due he formation of Fe(lll)-hydroxyl
colloids. Furthermore, by introduction of 500 mnhoMaCl, the zeta potential reduced
from 45 mV to 20 mV (Shih et al. 2012). Therefdiee extra usage of coagulant may
lead to adsorption or agglomeration or conjugatibNPs (Brar et al. 2010).

Factors, such as surface charge of NPs, pH, idreagth, and natural organic
matter (NOM) (e.g. organic acids, sugars, cell@dosaterials, alginate, proteins, lipids)
control aggregation, deposition, bioavailabilitydaadsorption of NPs (Chang et al.
2009; Thio et al. 2011). Extracellular polymericbstances reduce the aggregation
propensity, by increasing the stability of CNPgexsally in the case of TiJ(Kiser et
al. 2010a) and fullerene (Batley et al. 2012). Ehesiterials consist of diverse aliphatic,
aromatic, carboxylic, phenolic, alcoholic and quéhgroups, which interact with the
active site of hydrophobic NPs. Therefore, in tipggsence, attachment of Tion these
functional groups decreases the zeta potentialstatillizes the solution due to surface
charge neutralization (Zhang and Guiraud, 2013 @tmbined effect of electrostatic

repulsion and steric repulsion could stabilize Th®, particles leading to decreased

10



269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292

293
294

295
296
297

sedimentation rate (Li and Sun, 2011), and theMaiibebility in biological processes
(Thio et al. 2011). Since adsorption of hydrophamnoparticles to humic acid is more
easier than metal NPs and performed only by surfamdifications, colloidal aggregates
of fullerenes were effectively removed up to 97%ahoratory jar tests (Batley et al.
2012). On the contrary, other researchers clairfnatthe presence of cations in solution
of humic acid, compensate their negative effecstabilizing aquatic NPs, due to the
formation of COO-Fe(lll) complex (Li and Sun, 2011)

Pre-treatment

Since the nanopatrticles are smaller than suspesdids (SS) and colloides,
preliminary treatment processes (sieving, bar sseeentrifuges) are not likely to
remove a significant amount of ENMs (Neale et 813). Nonetheless, two mentioned
CNPs (TiQ and fullerene) are highly hydrophobic (Batley &t 2012); sthus, the
probability of their absorption to large particlesch as, toilet paper and large fat
globules is higher. Even though their removal bsesning and sieving has not been
investigated, appreciable amount of adsorbed, B fullerene have been apparently
removed by elimination of large particles. Unfunotlized CNPs are not normally
removed by this process, however, around 10% of, M@s removed by primary
settling stage (Johnson et al. 2011). One studtherraw sewage illustrated that with
843 pg/L of initial Ti concentration, 96% was attad to TSS= 336 mg/L. Hence,with
removal of TSS from 366 to 97 mg/L, total Ti@moval reached 46% in the primary
clarifier. It also reported that derivatization &illerene in pre-ozonation process
negatively affects its removal efficiency which ther decreased during coagulation

process (Hyung and Kim, 2009).

Primary treatment
Primary treatment involves sedimentation, flotati@eagulation/ flocculation
and filtration; hence, the stability of CNPs (th&andency to resist agglomeration and

aggregation) will determine the effectiveness aohogal processes at this stage of the

11
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treatment process (Neale et al. 2013). AccordingStoke’s law, intact NPs are
impossible to settle. Therefore, the mobility aatefof hydrophobic nanomaterials in
primary clarifier, largely depends on aggregation @eposition behavior (Chen and
Elimelech, 2008). Bridging or electrical doubledayompression, as the main cause of
aggregation, is highly dependent on the differemtdrs, such as pH, ionic strength,
electrolyte species and concentrations (Liu eR@1.3). It has been reported that in real
WWTPs, the removal efficiency of primary treatmeatild rise to 60% for the influent
concentration of 3300 - 81Q@/L Ti (Kiser et al. 2010Db).

Investigation of different factors in removal ofllerene by flocculation in wastewater
showed that the complexity of wastewater in congeeriwith water helped the removal
by adsorption to hetero-precipitation of alum fl§¢gang et al. 2013). It seemed that all
of the NPs below the size of 5 nm are effectividynoved by coagulation. On the
contrary, large size NPs with more than 300 nmuseremoved by self-agglomeration
after longer retention time (24 h) (Chang et aD20In laboratory scale jar test, 97% of
fullerene was removed by means of alum coagulafiongulation, sedimentation, and
filtration sequence processes (Batley et al. 20%i#). no alum added, still 15% of
fullerene was removed by adsorption on the wastwaispended solids (Wang et al.
2013b). Meanwhile, Kiser et al. (2010a) stated Hyaaddition of 2 mM of NaHC®in

the TSS solution of 1500 mg/L , 50% of fullereneswamoved (Kiser et al. 2010a). In
neutral pH, the removal was associated with hyaedyaluminum species, while at
basic pH, metal precipitates were the main facdtkalinity enhanced the nC60 removal
efficiency (up to 71%) through the formation of sod aluminum hydroxycarbonate
precipitates, especially at higher pH (Wang e2@l3). At 100 mg CaCgL alkalinity
and pH 6-8, and 10 ppm Al£160% of fullerene was removed. However, the rerhova
sharply decreased when the pH deviated from tHisevddyung and Kim, 2009). It has
also been reported that highest deposition rafellefene onto silica surface occurred at
30 mM of NaCl, and 1 mM of G4 In the presence of minerals, the charge screening

between fullerene nanoparticles and silica surfaoeseased, leading to enhanced

12
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deposition rate (bridging effect of metallic casdnOn the contrary, the presence of
humic acid drastically decreased this rate (thneed) due to faster adsorption on the
humic compounds. Fullerene coated with humic ac&sel each other (Chen and
Elimelech, 2008). In the presence of 1% sodium dgdsulfate (SDS), removal
efficiency of nano-TiQ@ decreased from 50 to 33% (Kiser et al. 2010a).

Suspended solids also enhance the production ad Big acting as the formation
core leading to increase in the removal efficietey#6% at 25 mg/L of alum. Sewage
organic matter, on the other hand, decreased theva efficiency (by 17% or less)
since they cause disaggregation of fullerene natiolgs by means of the steric
hindrance effect, and increase in the surface Ippbbicity (Wang et al. 2013b). They
also occupied the active sites of aluminum hydrexidcs (Wang et al. 2013; Zhang et
al. 2008). Wang et al. (2013) showed that increpdire concentration of sewage
organic matter from 40 to 75 mg/L, nC60 removaicedhcy decreased by around 17%.
On the other hand, humic substances could imprbeeflotation performance, since
they can be easily separated as a foam (Shen,).2008ler optimum conditions,
dissolved air flotation with the dosage of 7.8-9ri§/L DOC, colloidal nanopatrticle
can be removed up to 91.4% of agglomerated, (#hang and Guiraud, 2013).

It is obvious that because of their size, free CNRslily escaped from the sand
filtration; yet, granular activated carbon may shéwgher removal efficiency for
fullerene and TiQ in water treatment and tertiary treatment proces$ée study on
filtration showed an average of 82% of removalogdficy by biosolids leaving around
10 to 50 pg/L of TiQin the effluent (Kiser et al. 2009). Furthermdiktation was so
important for removal of residual flocs, that it svalecisive for overall removal
efficiency of NPs in water and wastewater treatnfdiyung and Kim, 2009; Brar et al.
2010). One study showed that by means of 0.45 [tratidn, only 1-8% of nano-Ti©

remained in the water (Zhang et al. 2008).

13
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Biological Treatment

Adsorption to activated sludge seems to be the mrajmoval mechanism for
cosmetic nanoparticles in all the studies, sineeliodegradation (Chang et al. 2007),
and volatilization do not occur in their case (laual. 2013). Adsorption onto sludge
takes place in two stages: adsorption on surfacermiby electrostatic force, followed
by uptake through sludge mass due to three possibtdhanisms: 1) passive diffusion,
(2) facilitated transport across an intact membramg3) diffusion across a disrupted
membrane (Kiser et al. 2010a). The capacity of igudiem is so high that exposure to
even low amount of sludge (50 mg TSS/L) could reend0% of fullerene (Kiser et al.
2010a). With 400 mg/L TSS of biomass, about 88% 28 of fullerene and Tif)
respectively were sorbed to the biomass (Kisel. &04.0b).

Till date, research has been mostly limited todbgvated sludge and sequence
batch reactor processes for nanopatrticles. Tablo®/s the removal conditions of CNPs
by these processes. It seems that WWTPs are dfidier® in CNPs removal since they
can reach more than 95% for nano-J&hd fullerenes (Batley et al. 2012; Wang et al.
2012; Gartiser et al. 2014). Because of high hylobgity of CNPs, they are easily
adsorbed to the bulk of sludge, leading to increagbeir concentration in the sludge (
Kiser et al. 2009; Gartiser et al. 2014). The comnspa between Ti@concentration in
the sludge and the effluent showed that at lea% 85nano-TiQ was adsorbed onto
sludge, while the rest of the particles more th@@ Bm size were identified (Gartiser et
al. 2014). Consequently, the Ti®oncentration in sludge was estimated to be 23stime
to that of the concentration in the effluent (Gsetiet al. 2014). Biomass concentration
also affects the removal, since an increase of &ssnirom 0 to 2.2 g/L in sequencing
batch reactor (SBR) led to, the removal of fullerdmom 65% to 96%. By further
decrease of biomass to only 0.6 g/L, the removadiency was still high (around 92%)
(Thio et al. 2011). By considering the nano-J7i@ith the size lesser than 700 nm, its
removal efficiency in biological treatment decreht® only 42% on average (Gartiser et
al. 2014). In real WWTPs, however, around 90% ofa@iO, with the size less than
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450 nm were removed by adsorption on to sludge hiclhwthe concentration in the
influent, effluent and sludge was 30, 3.2 ug/L &8 mg/kg, respectively (Johnson et
al. 2011).

The effluent concentration detection was stronglgited to the suspended solids,
which agglomerated Ti©with the size lesser than 0.7 um (Gartiser e2@l4). It could
also be the result of coating, functionalizatiom, ather surface modification that
decreased their removal (Kiser et al. 2010b). Rblediffusion, functionalization seems
to have hindered the NPs’ interaction with biomsisgaces (Kiser et al. 2010a). Zeta
potential of cosmetic nanomaterials is a criticalctor for their removal by
bioadsorption. In the study of Kiser et al. (2010alerene §= -52 mv), which has the
highest zeta potential amongst different nanomagershowed around 80% of removal,
regardless of TSS concentration, while Fi&isorption was totally dependent on TSS
and less than 25% (Kiser et al. 2010a). Many otdesmaller WWTPs employ fixed-
film biological reactors (e.qg., trickling filtersather than the suspended biomass systems
thus effecting removal rates and ways. Furtherareseinto NM removal by attached

microbial communities is therefore needed (ThialeR011).

Effect on microorganisms

Concentration of microorganisms inside biologia@atment seem to have an
important role to resist better the shock of nartenes toxic effects (Musee et al.
2011). Besides, concentration of nanoparticleslfitsegely influences on its toxic
potential. About 50 ppm of Ti© nanoparticles has almost no effect on the
biodegradation or nitrification (Gartiser et al.120 Zheng et al. 2011). As the data
showed, almost all of TiQand fullerene discharged into the sludge incredbked
concentration and made the microorganisms in sluligester susceptible to its toxic
effect. Most of the studies so far have normaliguged on the toxic effect of nano-TiO
on sludge digestion processes. For instance, Mal. €011) examined the effect of

nanoTiQ on anaerobic digestion by fermentation experimersing waste activated
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sludge as the substrate. Nano-7id doses up to 150 g/ kg-TSS showed no inhibitory
effect ( Mu et al. 2011). Other studies reachedesamsults for TiQ nanoparticles on
ordinary heterotrophic organisms (OHO), ammonia@ig bacteria (AOB), and
anaerobic biomass. By using 84 g/L of TiMnuch higher than the concentration in a
municipal WWTP) significant inhibition occurred @3 at 4 h of exposure). In
thermophilic anaerobic tests, THDIPs even had positive effects on production of
biogas by 10% (Garcia et al. 2012). The presenceapnbd-TiQ did not affect methane
generation at concentrations of 6 to 150 mg/ g-T&%the contrary, under illumination,
100 mg/L of nano-Ti@can enhance hydrogen gas production up to 46.1p6dygoting
photosynthetic bacteria, and inhibit the activityhgdrogen-uptake enzymes (Yang et al.
2013).

The antimicrobial activities of nano-Tiare generally attributed to their nano
size effect and reactive oxygen species (ROS) géparleading to triggering of the
generation of hydroxyl radical (OH*) in the presenaf sunlight. The formation of
intracellular ROS can indicate the effect of adedr@iG; inside the cell (Battin et al.
2009). In the absence of oxygen, the generatio@tdf is limited. Hence, the adverse
effect of TiQ in anaerobic processes is compensated (Yang @0&B). Because of
fragility of nitrification bacteria, the main impiaof NPs toxic effect on aeration basin
was on nitrification performance. It was observeat thigh dose nanoTihad negative
effect on long term nitrification bacteria (Zhengat 2011), by interrupting their key
enzymes. In short term exposure, 50 mg/L nano:hi&@& no effect on nitrogen and
phosphorous removal. Higher concentrations of nEMR- decreased the nitrogen
removal from 80.3% to 24.4% during long-term expesrO days), whereas biological
phosphorus removal was unaffected (Yang et al. ROABother study on nitrogen
removal from wastewater in a SBR showed no adveffect of TiQ, in the
concentration range of 2-50 mg/L. However, incregsé¢he TiQ NPs concentration
from 0, 100, and 200 mg/L dramatically decreasedrdmoval efficiency from 80 to

36.5 and then 20.3% for these concentrations, dk ageit had significant effect
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inhibitory effect on dehydrogenase activity durthg de-nitrification process (Li et al.
2013). Inside sludge digestion plants, the conegéiotr of 6 mg/g TSS of TiPhad no

significant effect on methane generation (Mu ef@lll).

Tertiary treatment

Even though titanium oxide based nanomaterials Hasen developed for
potential use in the photocatalytic degradationvafious chlorinated compounds (
Chang et al. 2009; Brar et al. 2010; Hamdy et @lL42, until this date, there are few
studies on removal of Tidn tertiary treatment. A study at one plant cangd that the
filtration in tertiary treatment removed on aver&$% of TiQ, decreasing the effluent
concentration from 50 to 10g/L. In this study on real WWTP, the Ti@oncentration
decreased from 20 to 12g/L by tertiary treatment which included filtratioand
disinfection (Kiser et al. 2009). In fullerene casatil date, there is no study on its
degradation in tertiary treatment. It seems thahéar future, the research on photo
degradation of fullerene by advanced oxidation esscwill be performed. Figure 2
shows the fate of CNMs, TiQand fullerenes along the WWTP. Even the fractibn o
nanomaterial in effluent can be toxic to aquafie. INanomaterials can also find its way
through the food chain and groundwater by measnaf application of sludge (Gartiser
et al. 2014).

Sludge treatment
In spite of the fact that large portion of the Fi@anomaterial was flushed into

the sewage sludge, till date, no environmental einds have regulated the

concentration of nanomaterials in the sludge. APE€Met removed from wastewater,
they become concentrated in biosolids by eithexatliadsorption of NPs, or clusters of
aggregated CNPs with a size of several hundred metess (Thio et al. 2011). The

majority of total titanium in the raw sewage (ardumpm) goes to sludge, raises the
concentration of Ti to 1.8 to 6.4 mg Ti/g SS, (ag= 2.8). A survey of the USEPA on
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83 WWTP biosolid samples observed a range of Thfeo018 to 7.02 mg Ti/g SS in the
sludge (Kiser et al. 2009). The average Ti conterdctivated sludge was around 538
ug/g in European sewage sludge (Johnson et al. 2@vgn stabilized biosolids
collected from the WWTPs had an average Ti conagatr of 1.1 mg Ti/g SS (Kiser et
al. 2010b). Simulated data on nano-7i&@so showed the concentration of 0.3 to 23.2
mg/kg in the sludge (Yang et al. 2013). Gottsclalial. (2009) calculated 1 ng/kg and
89 pg/kg for the annual increase of fullerene aadoATiG, in the sludge (Gottschalk et
al. 2009). Benn et al. (2011) predicted the come¢ion of 0.9 pg/kg-biosolids of n-C60
or C60-polyvinylpyrrolidone (PVP) in the biosolidaused by cosmetic fullerene.

To the best of our knowledge, to this date, thexend regulation for the
maximum concentration of CNPs in wastewater sludgeyever, further increase in
their daily use, as well as future studies in thedology field will make CNPs, a case to
study. Considerable increase of CNPs in the bidsdias raised attention towards their
proper disposal. Also, the land application seemniget the most proper and sustainable
way of disposal, new strict regulations discouragang this option in comparison to
incineration. Even this method results in major agns, such as deposition of ashes
into landfills, and emission of heavy metals ink@ tatmosphere (Thio et al. 2011).
Generally, presence of variety of mineral and oigamatter in sludge could form strong
bond with nanomaterials and later mobilize thenoulgh the soil. The life cycle,
accumulation in soil or sediment, and transfornmatad nanomaterials during land

application must be investigated in future studizstley et al. 2012).

Characterization of TiO, and fullerene NPs

Due to certain distinctive properties and behaui®@tailed characterization and
safety assessment of nanomaterials is crucialetreml, physic-chemical properties of
NMs play a crucial part in safety assessment wisichore significant for nanomaterials
than conventional chemicals. For an adequate nameoiaadescription and to fill the

current gaps in knowledge with regard to the e$femt nanomaterials in relation to
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493 different physicochemical parameters, charactadamaif NPs should be done efficiently
494  (behavior, size, distribution, stability, etc.).riaermore, the choice of characterization
495 methods are dependent on the matrix compositiomhiich NMs are present, chemical
496 composition, properties (functional groups on thdace, charge) and concentration of
497 NMs and the analytical equipment. Table 3 shows diifferent parameters to be
498 considered for NMs characterization depending enntlatrix in which NMs are present
499 and also demonstrate the instrument specificsHaracterization.

500 The existing single methods will not provide scint data for NMs description
501 (size (aggregates or agglomerates), charge, acedearavior) in complex media, such
502 as WW. Different measurement techniques analyziven gparameter in distinct ways,
503 such as some technigues measure individual prirparticles, while others measure
504 aggregates or agglomerates. Hence, results ofaliffeneasurement techniques may not
505 be directly comparable for the same parameter. &lexization of nanomaterials is
506 generally more difficult in WW because of the prase of complex matrices and
507 interaction of nanomaterial with matrix may chantiee basic physico-chemical
508 characteristics of NMs with time. It may be necegda use a combination of methods
509 for detection and characterization of a nanomdtarig/W.

510 TiO,is insoluble in water and is expected to be indluelge phase (Kiser et al.
511 2009). Until date, there are only limited practisalidies on the exact compositional,
512 morphological, and structural characteristics cfideal TiQ NPs in sewage sludge.
513 Kim et al. (2012) identified nano-Ti&cross the sewage sludge and they characterized
514 (morphology and chemistry) TiCbehavior using a series of electron microscopic
515 techniques, such as scanning electron microsc@®M]j, scanning transmission
516 electron microscopy (STEM), transmission electranrascopy (TEM) combined with
517 energy dispersive X-ray spectroscopy. Nano beafradifon and high-resolution TEM
518 were used to assess crystal structure of,.Tiheyfound that treatment methods in
519 WWTP affected the surface modified Ti@roperties, mainly size and reactivity with

520 organic matter. Also, pH changes in the surrounéimgronment affected the charge on
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the surface of NMs (zeta potential) and led to selective, electrostatic interactions
with trace metals (silver) in the sludge.

C60 fullerenes are sparingly soluble in many suise this affects their
separation by reverse phase high performance lighimatography (HPLC). In
reverse phase HPLC, both stationary and mobile eplaas non-polar for C60. Some
applications were found for water soluble fullerenglerivatized) by reverse phase
HPLC. In other experimental studies, the charazaéon and quantification of
hydoxylated fullerenes (fullerol) was studied. Thepecifically used the amide phase
hydrophilic interaction liquid chromatography (HZ) column for this water soluble
fullerol separation and also compared the separafbiciency of a G column with
HILIC (Chao et al. 2011). Inefficiency in retentiohfullerols by RHPLC may be due to
hydroxyl groups and the negative surface chargesligfrols, which may interfere in
reverse-phase separation. Many researchers exglorddV/Vis spectroscopy and mass
spectrometric analyses for detection and subseqgeantification of fullerenes in
complex matrices (Wang et al. 2010; Chao et al.120Chao et al. (2011) studies
reported decrease in UV absorbance spectra faréldl compared to fullerenes and also
lack of distinct absorption peaks between fulleramal fullerols and the potential
presence of interfering substances in environmesa@lples may severely limit its use.
Soft ionization techniques (matrix-assisted lasesodption/ionization (MALDI) and
electrospray ionization) were preferred for fullsrdo preserve diagnostic hydroxyl
moieties in the fullerol sample.

Wang et al. (2010) concluded that the best extracprocedure for C60 in
wastewater matrices; liquid-liquid extraction waplcable to all water and wastewater
matrices and SPE could be used for water and wastewmatrices with lower dissolved
solids. They have used combination of differentaotton and detection methods (UV-
Vis spectroscopic and mass spectrometric) to giyan€60 in engineered wastewater
matrices. They reported that mass spectrometrysgive m/z of the charged molecules
and provides the specificity to differentiate anghatify different order fullerenes.
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The shape and surface chemistry of fullerenes @ite different from other NPs.
Fullerenes undergo different derivatizations in teaster matrices and also the
functionalized NPs in wastewater behave differentligh time due to continuous
changes in matrix composition. This instability structural properties and matrix of
surrounding environment affects the characterinadiiod quantification of fullerenes and
the choice of analytical methods. Finding effectiwencentration of fullerenes in
cosmetic formulations prevents the excess usagepaoduction of them; this will

decrease the high exposure of fullerene NMs iretheronment.

Toxicity of engineered TiO, and fullerene NPs

Toxicology will play an important role in assessithg safety of new materials
and nanotechnology application. Presence and tgx&volution of NPs in living
systems is a unique novel challenge because sutialewere not generally present in
the environment during the course of biologicalletion. Conventional risk assessment
methodologies based on mass metrics may be addgua@uble and/or biodegradable
nanoparticles, but for the insoluble particles,irtheumber, surface area and size
distribution constitutes important additional infaation for safety assessment. From
toxicity point of view, TiQ has been classified as biologically inert.spGf TiO, was
reported around 80 mg/L (Peralta-Videa et al. 20Bhd because of low level of
toxicity, EG;p could not be measured (Sanchez et al. 2011). Henwekie physical,
optical and chemical properties change dramatiedllyano-scale (Wang et al. 2007).

Intact bacterial cell membranes have effective gize typically ranging from 2
to 3 nm (Demchick and Koch, 1996) and are not palieeto NPs of approximately 10
nm. However, these particles might pass througlstanbally damaged membranes.
Fullerene and its derivative forms, on the otherdhaasily crossed the external cellular
membrane and migrated into the mitochondria finalliering the protein structure
(Long et al. 2006). Due to this reason, cellulandge includes cell dysfunction and cell

lysis after 21 days exposure of fullereneb@phnia magna will be inevitable (Liu et al.
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2013).The exposure time of aggregate CNPs detedmiheir penetration in skin.
Penetration of 4 nm Ti$from innermost corneocyte layer can occur aftehd@&rs (Wu

et al. 2009). Since these nanomaterials cannotdggaded inside the bodies, they
gradually accumulated in tissues. The higher lefddioaccumulation also interrupted
the metabolism leading to growth and reproductiaifunctioning (Zhu et al. 2010).
Chronic exposure of nano-TiOduring long exposure time (21 days) displayed
reproduction deficiency, growth retardation, pasayand even death.

Cosmetics nanomaterials combine two contrastreleatonating and -accepting
properties, which can generate oxy-radicals inbibdy, or simultaneously act as an oxy-
radical scavenger (Zhu et al. 2006). Strong elstatm interaction between membrane
cells and high surface charge nanomaterials disdufite membrane integrity, finally
causing cellular metabolic disturbance, especialiybacteria which have singular layer
cell or higher interaction with nanoparticles. Whihey enter into the cells, generation
of ROS causes peroxidation of various organellesttuents leading to oxidative stress
(Liu et al. 2013; Musee et al. 2011). The intradall oxidants produced by these
radicals diffuse into the microglial plasma memlerarhere they can potentially damage
the proteins, lipids, and DNA of neighboring cellspecially neurons and mitochondria
(Long et al. 2006). In skin, the pace of ROS praiducincreased under lamination after
dermal exposure. These free radicals reduced tive gMdlagen content, increased
wrinkles and caused skin ageing (Wu et al. 200%nd Sun, 2011).

Although attachment of CNPs onto soil particlesrdased its toxic effects on
soil microorganisms (Chen and Elimelech, 2008}, siassive release and hydrophobic
surfaces of NPs and their strong interactions \mithhly toxic inorganic and organic
chemicals compounds in the environment are founddas contaminant carriers
(Bernhardt et al. 2010; Zhu et al. 2011). For Jithe adsorption of highly toxic tri-butyl
tin (TBT) onto nTiQ was faster, reaching a steady state within 120424 The

combination of even lower concentration of TBT an@, increased the toxicity by 20
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and 70 times for the aquatic fauna (Zhu et al. 20Iese interactions between NPs and

other emerging pollutants must be deeply investiyat future.

Toxicity in aquatic organisms

Many researchers concluded that in near future, tomcentration of
nanomaterials in water may pose a risk to aqudc (Muller and Nowak, 2008).
Furthermore, the gradual sedimentation of CNP magult in accumulation in
sediments, which expose benthic animals (Zhu eR@l1). Evaluation of cytotoxic
potential of TiQ nanoparticles on fish cells showed the importatd of agglomeration
or aggregation than the concentration (Vevers aag 2008).

Several studies of the toxicity of uncoated, watduble, colloidal fullerenes
(C60) have been carried out. tmedian lethal concentration) at 48hHDnmagna was
determined to be about 800 ppb for fullerene (Séneth al. 2011)nTiO, showed lower
toxic effect as at 2 mg/L nTi) no inhibition of hatching was detected; yet, i&sw
affecting 29% of abaloneH@liotis diversicolor supertexta) embryos by malfunctioning
in hatching at 10 mg/L nTig)Zhu et al. 2011).

Several laboratory scale experiments were carriet to find the
bioaccumulation potential and acute and chroniect$fof nano-scale Tiin freshwater
invertebrateD. magna (Baun et al. 2008; Wiench et al. 2009; Zhu eR@ll0; Das et al.
2013). These studies explained that acute toxigdg independent of particle size of
NPs and the size and functionalization of NPs amgortant in determining the chronic
effects on growth and reproductive systems. Chreffiects onD. magna, exposed for
21 days to 5 mg/L of C60 showed a mortality ratd@¥ for the highest concentration
(Sanchez et al. 2011). Since fullerene can be yegsirtitioned into lipids, its
concentration is considerably higher than the sd@ee; therefore, it can be easily
reached by planktons feeding on this layer.

Another important factor in toxicity of fullereneas dependent on the preparation of

fullerene and its aggregation forms (Musee et 8112 For instance, highly toxic
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tetrahydrofuran nC60 killed all the Daphnia betweéemnd 18 h, while no physical

effects of the water-stirred-nC60 was detectedr af& h exposure time (Zhu et al.
2006). For the aquatic species, such as largembasis, at 0.5 ppm of C60, and
exposure time of 48 hours, lipid peroxidation ie thrain and glutathione depletion in
the gill were reported (Sanchez et al. 2011). Ohistdr et al. (2006) studied the sub-
lethal effects of fullerene NPs by evaluating tlopuydation levels in invertebrate and
vertebrates. This was carried out by estimatingrt®NA and protein levels in liver

which indicated the cytochrome P450 isozymes. Tleymes are helpful in the cell
signaling of lipid metabolism involved in eithertdeication or tissue repair. They found

that enzymes levels decreased after 96-h at 0.5r&60 exposure.

As mentioned earlier, CNPs can also interact witheo toxic matter and
facilitate their entry into organisms. Accordinglinvestigation on tetrahydrofuran
(THF)-solubilized nGo on aquatic life showed that, in 6 hour exposumetcaused the
death of almost all fish (Zhu et al. 2006). For Fithe adherence of aggregated Jt®
the surface of marine fauna, accelerated the upddkeghly toxic TBT (cumulative
toxic effect) (Zhu et al. 2011). All in all, becausf recent introduction to environment,
literature is still bereft of long-term studieseatvironmentally realistic concentrations of
nano-TiQ. Figure 3 depicts the life cycle of NPs in the iemvment and also different

ways for NMs entry into living systems.

Toxicity in humans
Apart from all applications of NPs on humans, s@uthors are determined that
nano-cosmetic applications will be a major portakotry for nanomaterials into body
through skin (Bystrzejewska-Piotrowska et al. 20@9pund 60 days will be enough for
penetration of all nano-TiKXo penetrate under the hairless mice skin. Thi tior the
pig is less than 30 days for penetration of 4 tm@0of nano-TiQ (Wu et al. 2009).
Derivatization also affected the toxicity in humbody as LG, of fullerene

varied by a factor of 10according to derivatization. The nangs@ggregates are toxic
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to human skin cells at a lsgof 20 ppb, while these values fog, Dla+ [GsoO7-9(OH ).
1% and Go(OH).4 were around 10, 40, and >5000 ppm (Sayes et 84)20t was
also proved that the penetration pace may be diifen derivatized NPs. Sayes et al.
(2005) studied the nano-C60 cytotoxicity by monitgrthe peroxy-radicals on the lipid
bilayer of human cells. For instance, carboxylgtedSe/ZnS, core/shell) quantum dots
(QDs) penetration rate was faster than the simpks dMortensen et al. 2008). They
indicated that these findings can be correlated\B® of similar size and surface
chemistry, such as metal oxide NP found in sunssie@hich may also penetrate into
the skin depending on its inflammatory status. Aftgroduction into the human body
by skin, nanoparticles with lower size (4 to 60 haccumulated generally in the organ
with higher fatty acids, such as brain cells (Rar&fidea et al. 2011). However, uptake
by liver and kidneys cells is more prevalent. Ardu69% of 250 mg/kg Ti@injected
into human liver accumulated in just 5 min (Wangakt2007). Continuous uptake of

these nanomaterials may result in a significanblero for human system.

Conclusions

The accumulation of CNMs in the environment woull dxacerbated for the
next decade if the concentration of fullerene iases to ppb. The current insufficient
level of scientific understanding of the possiblemges in properties, behavior, and
effects of nanomaterials compared to conventioaiv@lents, will be overcome by
intense research into the development and validatib methods for nanomaterials
characterization and toxicological evaluationslistages.

Sorption to sludge is the only removal pathway ofmetic nanomaterials.
Current regulations dealing with cosmetics are lpey do not require any toxicity
studies on humans before marketing and also doamstider the fate and toxic effects of
these NMs once they are released into the envirohnmevestigation on cosmetic
nanoparticles fate, characterization and toxigityhhumans and in the environment is at

its natal stage. Even though a lot of researcimgoimg across the world on the behavior
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and toxic effects of cosmetic NMs on humans, #tdlre is lack of solid information to
fill the gap of health and environmental impactdNéfs to build stringent regulations for
their usage.

One of the potential exposures of nanoparticleheenvironment is their use
cosmetics. The study, exploration and the behasiotosmetic NPs (nano-TiOand
Fullerene) when applied on skin is different fromam they are released into wastewater
and also from the organic micro-pollutants in tm¥ionment. Apart from the use of
these nano-Ti@and fullerene materials in cosmetics technolobgjrtusage in other
fields (water treatment, electronics, solar applces) also ultimately ends up into
wastewater; hence it is difficult to detect themp@ource of these nanomaterials in the
wastewater. It is always better to target them antpsources to remove before they
enter into the complex media which ultimately af$ethe fate of NMs. The unique
properties of NMs play an important role as critiparameters while detecting and
characterizing them especially in complex mediahsas wastewater is challenging.
Detection and behavior of NPs in the environmenthis starting point for further
development and applications of nanotechnologyfaSar modified (functionalized)
TiO, NMs (doping) and fullerenes have different chernécad biological properties; this
may affect the future nanotechnology applicatiohgart from this, these NMs after
entering into the environment naturally undergofase modifications with different
matrices based on their environmental conditionendd, it is also important to
understand the functionalization of NPs in the ssvinent, which is an unexplored
area. Changes in functionalization of many ENPsebyironmental factors or the
coating of the surface by natural compounds arerlglean important process in the
environment which significantly affects their belwayv European market does not
contain fullerene products because the currennsfiee studies available on possible
undesirable effects of this fullerene as a cosmaticedient are incomplete; therefore
cosmetic regulation bans its marketability. For angw emerging technology
advancement, such as nanotechnology, completecyiée should be studied for its
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applications to avoid future problems. Application§ cosmetic NMs should be
prohibited until appropriate research can show pla¢ential benefits to be more

important than the risks.

Abbreviations

CNMs, cosmetic nanomaterials; EC, European ComamnisskFDA, Food and drug
administration; FD&C, Federal Food, Drug, and CasmelCCR, International
Cooperation on Cosmetics Regulations; NMs, nanama#&ge NPs, nanopatrticle; QDs,
guantum dots; Tig) Titanium dioxide; WW, Wastewater; WWTP, wastewdteatment
plant.
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Figures

Figure 1: Nano-cosmetics categorization based onudlation and ingredients

Figure 2: Fate of titanium dioxide and fullerenenoiaaterials along the wastewater
treatment plant

Figure 3: Life cycle of nanoparticles in the enwimeent and different ways of entry of
nanopatrticles in to the living systems

Tables

Table 1: The mean concentration of CNPs in diffeegrvironment media.

Table 2: Investigation of CNPs removal by SBR activated sludge processes.

Table 3: Different parameters to be considerechémomaterials (NMs) characterization

depending on matrix and instruments for specifigliaptions
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1051 Tablel: The concentration of CNPsin different environmental media

Nantt:))[/);ratlcle Media L ocation Concentration Reference
. 0.03-1.6 ng/L (Gottschalk et al. 2013)
predicted
1.62 ugiL (Batley et al. 2012)
Surface 8.8nglL (by
water Thames region seaside, UK sunscreen during a (Johnson et al. 2011)
heatwave) '
Europe survey 3.hg/L (Gottschalk et al. 2009)
predicted 0.7-1@g/L (Batley et al. 2012)
Influent of : -
sewage Arizona influent 185 pg/L (Kiser et al. 2010b)
Johannesbur 47.73 pg/L
TiO, g Mg (Musee, 2010)
prediction 4-40 pg/L (Gottschalk et al. 2013)
Spain 25ug/L (Benn et al. 2011
Effluent China 1.75 pg/L Yang et al. (2013)
Arnzona 17 ugi (Kiser et al. 2010b)
Johannesburg 9.36 pug/L (Musee, 2010)
Sludge predicted 1-2500 pofg (Gottschalk et al. 2013)
river UK 5.6-91 ng/g (Johnson et al. 2011)
sediment -
Predicted 3 uglg (Gottschalk et al. 2013)
surface .
Fullerene water Predicted 0.01-0.1 ng/L (Gottschalk et al. 2013)
4 and 33 ng/L (Benn et al. 2011)
Sewage Predicted 100 ng/L
10-400 ng/L (Gottschalk et al. 2013)
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WWTPs

effluent : ] (Farré et al. 2010; Farre €
Spanish 0.5 ng/L-67 pg/L al. 2011)
sewage . 4 ng/L-20 ng/g, ( Gottschalk et al. 2009;
sludge Predicted Gottschalk et al. 2013)
Sediment Predicted 0.01-0.8 ng/kg

(Gottschalk et al. 2013)

1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072

1073 Table2: Investigation of CNPsremoval by SBR and activated sludge processes
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1074
1075
1076
1077
1078

1079
1080

Typeof Initial conditions Oper:.atllon Removal apd Reference
reactor Condition concentration
90%
30 pg/L (TiI) Sludge Johnson et al.
concentration= 30% (2011)
mg/kg
activated sludge COD= 200 mg/L, HRT=24 h, Park et al
process TiO,NPs= 10 MLSS= 3000 95% '
(2013)
mg/L mg/L
HRT=6 hr 79% of TiO,
Settling tank= 2 particle larger than  Kiser et al.
g 700 nm (2009)
0.5-2.5 mg/L (n- TSS=13 g/l 20% Park et al.
Tio,) —0 ° (2013)
SBR 5__?_igm§r$(n_ 97 and 95% for | Wang et al.
2 TiO, and fullerene (2012)
fullerene)
synthetic sewage
containing, 2.9 | g p, aeration, 2h .
mg/l settlin tim'e 88% Kiser et al.
g (2009)
(TiOy)

COD: chemical oxygen demand; HRT: hydraulic retamtiime; MLSS: mixed liquor
suspended solids; SBR: Sequencing Batch Reactorbvéera; TSS: Total suspended

solids.

Table 3. Different parameters to be considered for

nanomaterials (NMs)

characterization depending on matrix and instruments for specific applications

Nanomaterial

matrix

Properties to Characterization parameters

be

Instrument

for

specific applications
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1081
1082

considered

Formulation

Wastewater

Physical Size, shape, surface area, surfabize and size

parameters of charge, surface morphology, rheologgistribution:  TEM,

NMs porosity, crystallinity and amorphicity,XRD, DLS, SEM.
primary nanoparticles, agglomerateShape and surface
and/or aggregates. charge. SEM, TEM,

Chemical Chemical composition, surfacéAFM, Zeta-

parameters of chemistry, oxidative capacity, catalytipotentiometry

NMs activity,  stoichiometry, dissolutionCrystallinity: TEM,
kinetics and solubility, hydrophilicity or XRD.
hydrophobicity, surface coatingChemical

impurities, intentional or unintentionakcomposition: ICP-

surface adsorbents. MS/ICP-OES, XRD.
Physical Size, shape surface area, surface char@ggregation: FI-FFF,
parameters of surface  morphology, agglomerateSEM, Polarisation
NMs and/or aggregates, concentration of NMntensity Differential
Chemical Chemical composition, surfaceScattering (PIDS).

parameters of chemistry, oxidative capacity, catalytiGurface

NMs activity, hydrophilicity or characterization:
hydrophobicity, surface coating MALDI, EDX, BET,

Wastewater COD, BOD, pH, total solids, TG, FTIR, near-

characterizati composition of organic matter andnfrared, and Raman’s

on pollutants spectroscopy
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